Abstract: Many error sources can affect the accuracy of displacement measuring interferometer systems. In heterodyne interferometry two laser source frequencies constitute the finally detected wavefront. When the wavefronts of these source frequencies are non-ideal and one of them walks off the detector, the shape of the detected wavefront will vary. This leads to a change in measured phase at the detector resulting in increased measurement uncertainty. A new wavefront measurement tool described in this publication measures the relative phase difference between the two wavefronts of the two source frequencies of a coaxial heterodyne laser source as used in commercial heterodyne interferometer systems. The proposed measurement method uses standard commercial optics and operates with the same phase measurement equipment that is normally used for heterodyne displacement interferometry. In the presented method a bare tip of a multimode fiber represents the receiving detection aperture and is used for locally sampling the wavefront during a line scan. The difference in phase between the beating frequency of the scanning fiber and a reference beating frequency that results from integration over the entire beam, is used for the reconstruction of the wavefront. The method shows to have a phase resolution in the order of ~25 pm or ~λ/25000 for λ 632.8 nm, and a spatial resolution of ~60 µm at a repeatability better than 1 nm over one week.
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Introduction
Laser interferometry is applied for a wide range of measurement applications in the fields of high precision position sensing: measuring displacements of precision stages [1, 2] , gravitational wave detection in the LIGO [3] and LISA [4, 5] projects, atomic force microscopy [6] and measuring orbital angular momentum of photons [7] . It is also often used for calibration of other measurement tools [8] such as capacitive sensors, inductive sensors, and optical encoders. In the field of positioning metrology it is possible to measure displacements with an uncertainty of less than a nanometer by means of optical interferometry. Heterodyne interferometry is a measurement method that can obtain sub-nm displacement uncertainty over a large dynamic range because of a high signal-to-noise ratio phase measurement. A number of error sources affect the measurement uncertainty: frequency stability of the laser source, refractive index variations in the measurement environment and optical components, system alignment [9] and periodic nonlinearity in the phase measurement [10, 11] . Employment of laser stabilization and conditioning of the measurement environment can improve the obtained uncertainty. However, periodic nonlinearity in the measurand is difficult to eliminate because it arises from a combination of error sources [9, 10] . Periodic nonlinearity plays an important role in sub-nm displacement uncertainty, recent research reports interferometer measurements without periodic nonlinearity [12, 13] . Though some of the error sources can be eliminated or reduced such as the alignment related Cosine error and the Abbé error, there are still error sources in the system present that will be inherent to an interferometer system. Since these are optical systems it is for example important to understand how the optical wavefront behavior [14, 15] can add to measurement uncertainty. Wavefront behavior in combination with beam walkoff is one of the error sources that cannot be eliminated when dealing with a multiple degrees of freedom (DOF) target. Target tilt will cause the measurement beam to reflect off the target under an angle and will show transverse displacement (i.e. beam walkoff) at the detector as illustrated in Fig. 1 . More detailed investigation in wavefront quality in relation to beam walkoff and the integration area of the photodetector are therefore of importance in sub-nm displacement interferometry. In Fig. 1 a single DOF heterodyne interferometer is shown, fed by a coaxial beam containing two orthogonal-oriented linear polarized frequencies (f 1 and f 2 ) that have a constant frequency offset. A polarized beam splitter splits the two frequency components into a reference beam f 1 and a measurement beam f 2 . When ideally aligned both beams/frequencies fully overlap see Fig. 1(b) , and create an interference signal at the overlapping area. When the target mirror tilts or misalignment occurs, beam walkoff takes place, see Fig. 1 (c) and 1(d). In that situation the (red) measurement beam 'walks off' the (blue) reference beam which stays in place.
Wavefront deformations consist of phase differences throughout the cross-section of a laser beam and are caused by: a) the laser source, b) refractive index variations and c) reflective surfaces. Such wavefront deformations can be multiple nanometers large and are potentially a problem when sub-nm displacement uncertainty is to be obtained.
An ideal wavefront for optical metrology purposes is mostly defined as being 'flat' (i.e. having zero curvature); unfortunately every wavefront has one or more curvatures and is thus non-ideal. The non-ideal wavefronts of a (blue) reference-and (red) measurement beam in Fig. 2 , are shown with exemplary sinusoidal shape deformations. In the situation without walkoff the overlapping wavefronts interfere over the full width of the photodetector. The resulting interference wavefront (purple) consists of the relative difference between the blue and red wavefront, the wavefront of the measured beating frequency is therefore a relative wavefront based upon the individual wavefront shapes of f 1 and f 2 . The horizontal dotted line denotes the phase integral of the interference signal. In the situation with walkoff, one wavefront shifts relative to the other resulting in a new wavefront shape of the interference signal, this also leads to a different phase integral. Comparing the obtained phase integrals of the two situations shows a phase difference Δθ. In displacement interferometry the measured phase is multiplied by the wavelength of the source light to obtain target displacement. The Δθ in the illustrated case therefore represents the displacement uncertainty caused by beam walkoff in combination with the non-ideal shaped wavefronts of f 1 and f 2 . Beside a change in the phase integral, beam walkoff also causes the signal strength of the interference signal to vary due to a change in the amount of overlap between the two beams. The vertical axis shows the incoming wavefronts of the source frequencies that interfere and create the wavefront of the beat frequency were they overlap. Our heterodyne phase measurement signal retrieves a relative wavefront that consists of the wavefront differences between the wavefronts of f 1 and f 2 . The horizontal axis represents the diameter of the photodetector that integrates the phase of the incoming relative wavefront over its surface area.
Beam walkoff results in a different phase integration compared to the situation without walkoff, the phase difference Δθ is falsely interpreted as target displacement.
The main group of wavefront sensors is based upon the 'Shack Hartmann' principle, having a micro lens array that focuses onto a CCD. This method is able to measure the absolute wavefront topology of the whole cross-section of a beam in a single measurement but is sensitive for tip/tilt alignment. In this group of sensors a trade-off is seen between high phase resolution versus high spatial resolution which is limited by the size of the lenslet-array and the number of lenses. The phase resolution that can be obtained with these sensors ranges λ/100 for an Ø6 mm beam diameter to λ/500 for Ø1 mm at λ 632.8 nm [16] . More recent research [17] showed measurement sensitivity up to λ/15500 at λ 820 nm, though the spatial resolution is again limited by a 30x30 lenslet-array over 12.5x12.5 mm. Phase shifting interferometers [18] measure with the same order of phase resolution and beam diameters but offer higher spatial resolution, limited by the CCD. Another method worth mentioning [19] is based upon phase retrieval. It samples the wavefront at different locations using a small moving subaperture while measuring intensity distributions with a CCD. The use of a small movable subaperture for wavefront sampling shows some resemblance with the method proposed in this publication.
The Shack Hartmann and point diffraction methods are relatively easy to implement as measurement tools for wavefront evaluation within existing systems but they are unable to combine high spatial resolution measurements at high phase resolution and large measurement areas simultaneously, using the same hardware.
In this article we describe a new and easy to implement measurement tool that uses standard commercial optics and phase measurement equipment that is normally used for heterodyne displacement interferometry. The methods allows for varying the size of the measurement area and the phase resolution without the need for changing hardware and it enables to measure relative wavefront differences before as well as after an interferometer. The strength of our method we consider the simultaneous accessibility to both high phase and spatial resolution. Considering best possible resolution in either phase or spatial DOF alone, the state-of-the art is set by other approaches. Optimal choice in measurement concept will depend on more specific application needs.
Wavefront measurement system
Note: The two lasers used for demonstrating the wavefront measurement method have in the past been opened during which components were removed and reinstalled. The wavefronts shown in this publication are due to the history of the lasers thus not representative for the wavefront quality of two properly used identical lasers. Also, the reason for measuring these two laser sources is NOT to evaluate the performance of the two lasers with respect to each other but only to demonstrate the wavefront measurement method.
The aim of the described wavefront measurement system is to demonstrate that it can measure the wavefront of an interference signal created from a heterodyne coaxial beam, enabling further investigation related to beam walkoff. The wavefronts of two laser sources have been measured (without interferometer optics in the system): the first laser is a Zeeman type laser from Agilent, type 5517D (i.e. laser 1) and the second laser is an AOM (Acousto Optic Modulator) laser from Zygo, type Axiom 2/20 (i.e. laser 2), both have Ø6 mm beams. The beating frequencies are ~4 MHz and ~20 MHz for respectively laser 1 and laser 2.
The first component of the wavefront measurement system, Fig. 3 , is a 45° polarizer creating interference between the two source frequencies. An 8% pellicle beam sampler (pbs) samples a reference signal that is equal to the beat frequency. A pellicle type beam sampler is preferred because of its low amount of refraction (i.e. 2 µm membrane thickness). The reference signal is coupled into a multimode fiber (core ~Ø1 mm) and is transported to a phase measurement board. By sampling of the entire beam the total wavefront is integrated within the reference beating frequency. A multimode step index optical fiber with a core diameter of 62.5 μm functions as the transversally scanned measurement probe aperture. The light coupled into this measurement fiber is only a fraction of the total optical power (~0.4 nW with laser 1 and ~0.6 nW with laser 2) and consists of only the collinear radiation that is in front of the fiber; there is no light coupled into the fiber using lenses or other aids. The phase integration surface is thus equal to the fiber its core diameter. The measurement fiber is attached to a single DOF automated translation stage performing a continuous velocity displacement along the x-axis. The automated stage itself is located on top of a manually operated single DOF translation stage for displacement along the y-axis, see Fig. 4 , enabling scanning through the coaxial beam at different elevations for 3D wavefront reconstruction. Fig. 3 . Schematic overview of the measurement setup. An optionally inserted interferometer assembly is indicated. Such configuration should allow investigation of wavefront distortions as caused by the additional optical system After exiting the heterodyne system the coaxial heterodyne beam passes a polarizer at 45° creating the interference signal, an 8% pellicle beam sampler (pbs) samples and integrates the interference signal over the entire beam to serve as a reference signal. An Ø62.5 μm multimode fiber measures locally the beating signal which is compared to the reference beating signal, resulting in phase changes ∆θ over the cross section of the beam when the wavefront is non-ideal i.e. deformed. 
Relative wavefront measurements
The measurement method is demonstrated using a coherent coaxial heterodyne laser source without an optical interferometer present in the system. Optical system components and the air refractive index do not affect the measurement since the optical pathways for both frequencies are identical: if the wavefront of one frequency is disturbed the wavefront of the other frequency will be equally affected; resulting in no relative changes. This makes it possible to perform high resolution measurements even in an air environment.
When the Ø62.5 µm measurement fiber is at standstill at any location within the beam, the frequency of the measured interference signal is equal to the reference interference frequency that is integrated over the entire beam. When the measurement fiber traverses perpendicular through the beam it measures a beat frequency equal to the reference beat frequency but with a phase addition Δθ as a function of the transverse horizontal 'x' position (when there exist relative differences between the wavefronts of f 1 and f 2 ), see Fig. 3 . The measured phase Δθ is then multiplied by the source wavelength resulting in a wavefront expressed in meters. An advantage of this optical phase measurement method over other methods is that it is not an intensity distribution measurement over a CCD but a frequency measurement of the interference signal and thereby resulting in higher noise suppression.
Each measurement consists of a line scan as the multimode fiber traverses at continuous velocity through the coaxial beam. All measurements are performed in an air environment at room temperature.
The applied phase-measurement equipment (Agilent N1225A) is normally used for heterodyne displacement interferometry and has a phase resolution of 0.6 nm with a max. buffer size of 700k data-points. This measurement board uses a 'leap frog' phase measurement technique that fits an internally generated sine wave according the measured beating frequency, obtaining high sensitivity and noise immunity. The board continuously samples and integrates phase over time at several MHz while allowing the user to download samples at a different rate, anywhere between ~610 Hz and ~62.5 kHz. All data used for this publication is sampled at 5.58 kHz, i.e. sampling period τ 0 = 180 µs.
The repeatability of a measurement is defined as the closeness of the agreement between the results of successive measurements of the same measurand carried out under the same conditions of measurement. The repeatability is calculated by overlaying and subtraction of two successive line scans under the same measurement conditions and taking the root-meansquared-value (RMS) of the difference between these two scans. The repeatability after 5 minutes is on the order of 0.8 nm and after a week 0.82 nm. These results show that the measurement method has a high repeatability and it also shows that the laser source has a high relative wavefront stability between the wavefronts of frequency f 1 and f 2 . This measurement method could therefore also be used as a tool to check for the relative wavefront stability of a coaxial heterodyne laser source.
The wavefront to be studied is sampled over Ø62.5 μm by a multimode step index optical fiber. The obtained spatial resolution is currently limited by this dimension since it is not possible to distinguish between detection of a homogenous phase distribution or a gradient. However, when applying phase-deconvolution the spatial resolution can be further increased.
The phase-resolution of the current setup is limited by the amount of noise. An Allan deviation is used to find an optimal data averaging level where the noise presence is the lowest, indicating the maximum obtainable measurement resolution of the system. The Allan deviation typically shows an upswing at larger integration times which means averaging over more data points does not improve the measurement because drift has occurred. Figure 5 shows the results from a measurement in a static system. For this system an optimum can be found when the measurement signal is integrated over ~90 ms corresponding to 500 samples (i.e. τ 0 x 500), obtaining a resolution of ~25 pm or ~λ/25000. Shorter time integration shows an increased level of stochastic noise while longer time integration suffers from noise due to drift. It is important to note that this obtained performance highly depends on the used phase measurement equipment. showing an optimum at a sample integration period of 90ms, i.e. averaging over ~500 data samples, at this location the noise presence is the lowest and a resolution of ~25pm (i.e. ~λ/25000) is obtained. From this graph we can also conclude that sub-nm resolution is still obtained when measuring at higher sampling rates.
Results
This section is meant for investigating the correctness of the obtained wavefronts and to see what the first order influence is when a standard detector with a large measurement area is used instead of the relatively small core of a multimode fiber. Figure 5 shows two line scans taken through the middle of the coaxial beams of the two lasers. The left graph shows the cross-section of the interference signal its wavefront from laser 1. Its shape can be explained by a Quarter Wave Plate (QWP) that is used for transforming the left-and right circular polarized output frequencies of a Zeeman type laser into two orthogonally oriented linear polarized frequencies. Tilting this plate prevents back reflections into the laser-cavity destabilizing lasing operation. Internal reflections within the plate combined with polarization preference due to the tilt could be the source of the wavelike shape over a single axis.
The graph at the right of Fig. 6 originates from laser 2, an AOM type laser where the heterodyne frequency is generated by means of an AOM. The zero-order and the first-order modes from the AOM are made coaxial using a rotated wedge that compensates for the exitangle of the first-order mode. The tilted wavefront could be the result of misalignment between the AOM and this wedge, the sloped curve seen in the graph corresponds with the rotation-axis of the wedge.
Both interference signal wavefront shapes can be justified together with the magnitude of deformation, it can therefore be assumed the measurement method measures correct.
At first sight these wavefront shapes do not seem suitable to be used for low uncertainty displacement measurements, they can be compensated however by using a larger measurement aperture and thereby increasing the phase integration area. Figure 7 shows what happens to a wavefront profile when measuring with an aperture of Ø11 mm (standard size Agilent remote receiver lens) instead of Ø62.5 μm. Over a width of 6 mm at the center of the line-scans it can be seen that the deformations in both profiles are to a high degree minimized. For laser 1 the error occurs mostly in the periphery of the beam, the irradiance-weighted phase measured from the entire beam is little affected by the small error signal at the periphery. Laser 1 therefore allows for almost full beam walkoff and still obtains sub-nm uncertainty, laser 2 allows for ± 2 mm beam walkoff when aiming for sub-nm uncertainty. Figure 8 shows a 3D wavefront reconstruction consisting of multiple measurements. Between subsequent line-scans along the x-axis using the automated stage a displacement of 100 μm is applied in the y-direction using the manual stage, see Fig. 4 .
To exclude measuring artifacts caused by the optical components themselves, the measurement components have been relocated, tilted and if possible rotated between several test-measurements, no notable effects were observed. Also possible periodic displacement errors originating from the automated stage are excluded by scanning at different velocities forth-and back at different locations of the stage (i.e. 25.4 mm full motion range). These variations also did not show notable effects.
Scanning not ideally perpendicular to the normal of the beam will result in a phase addition. This phase addition is however of no influence to the measurement as the following numerical example shows: a misalignment of 0.1 rad in the xz-plane, see 
Measurement limitations and improvements
In the current setup the absolute location of the multimode fiber is not measured during scanning. Only phase-data and relative-location-data (continuous scanning velocity) of the fiber are recorded. Having no absolute position data of the fiber location requires time consuming cross correlation-methods for 3D wavefront reconstructions. Simultaneous measurement of both parameters will eliminate the need for cross-correlation between data sets and allows for improvement of the spatial resolution by applying phase deconvolution. The spatial resolution can also be improved by using smaller fiber cores (e.g. single-mode fibers), however this requires more powerful lasers or increased photodetector sensitivity.
The measured wavefront consists of the relative phase differences between the wavefronts of the two source frequencies; it is therefore a relative wavefront measurement that cannot distinguish between the wavefront shapes of the individual source frequencies.
The method presented is primarily applicable for heterodyne systems but measuring in homodyne systems is als/o possible. Wavefront evaluation as shown in Fig. 3 in a homodyne system only can take place after the interferometer due to the absence of a measurable beat frequency. The phase noise for a homodyne system is expected to be higher due to measuring DC irradiance instead of an AC beating signal. We might consider generating a beat frequency (i.e. a second wavefront) with an external acousto optic modulator.
Compared to other measurement systems, this system is in its current implementation relatively slow. When measuring at a rate of ~5.58 kHz one line scan required on average about ~60 seconds. After more thorough testing this could be brought back to about 15 seconds per line without notable changes in the results, see Fig. 5 . As solution a ribbon fiber could be used, having multiple fibers in a row (obtaining several line scans in parallel) requiring more optical channels but will reduce scanning time considerably. Reduction of the scanning time requires further investigation in order to increase the feasibility for commercial usage. Measurements at the top and bottom of the beam of laser 1 showed to contain much noise and have been left away for clarity. Laser 2 shows unexplainable behavior at ~5 mm y-axis height that is not caused by the measurement method, multiple line scans at the same y-location showed the same outcome; therefore the laser source must be the cause.
Conclusions
In this publication a new relative optical wavefront measurement method is presented for evaluating wavefront quality related to beam walkoff behavior in displacement interferometer systems. The interference signal wavefronts of two types of coaxial heterodyne frequency laser heads were measured for demonstrating the method. The measurement method has a spatial resolution of 62.5 µm, currently limited by the core diameter of the optical multimode detection fiber. The obtained phase resolution is shown to be in the order of ~25 pm or ~λ/25000 based upon an Allan deviation analysis. The systems' repeatability has shown to be 0.8 nm for subsequent measurements (~5 min) and 0.82 nm with one week in-between measurements. From these numbers we can conclude that the measurement method offers high repeatability and that the laser source has a high relative wavefront stability between the source frequencies. The discussed measurement setup is thus able to operate with high spatial-and phase resolution simultaneously which can be varied by the user depending on the measurement time available without the need to replace hardware.
The method requires no (expensive) dedicated measurement equipment; it uses standard commercial optics and operates with the same phase measurement equipment as is normally used for heterodyne displacement interferometry. For the current setup a coaxial heterodyne beam suffices for performing the measurement, no optical flats or reference wavefronts are needed. The coaxial beam makes it also possible to perform measurements in air and to use low cost optical components thanks to optical pathway overlap of the two source frequencies, both beams are equally affected by phase inducing disturbances. The applied components allow for compact design making it overall an easy to implement and useful tool for inspecting wavefront quality and beam walkoff behavior within existing interferometer systems.
The presented measurement method might not beat state-of-the-art dedicated tools in either the spatial-or phase resolution regime alone, it does offer high performance in both regimes simultaneously.
Follow up research is planned to investigate individual wavefronts (absolute wavefront measurements), wavefront evaluation after a heterodyne interferometer and the implementation in a homodyne system.
